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Abstract 
In this study the vertical motion of the ocean is studied numerically. A wake model that includes details of the wind farm 
design, such as the location of the turbines, diameter of rotors and hub height, is used to calculate the change in surface wind 
speed resulting from potential wind farms in the Havsul area. Using the calculated wind velocities to force a three dimensional 
ocean model (Regional Ocean Modeling System), the ocean response to two different wind farm designs is estimated. It is 
found that the wind farm design has a significant effect on the upwelling and downwelling near the wind farm, as the difference 
in maximum upwelling velocity after 1 day of simulation exceeds 30 m/day. The pronounced changes in vertical velocities are 
attributed to changes in the horizontal flow over varying topography due to wind stress modifications by the wind farms.  
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1. Introduction 
Offshore wind energy is expected to play an important role in future energy supply [1, 2, 3]. Whereas offshore 
wind farms are advantageous due to the higher wind speeds and their locations away from highly populated areas, 
potential environmental consequences of installing large wind farms may be pronounced. These include impact of 
the electric cables on the fish migration [4], collision of endangered birds with the turbines [5] as well as having an 
effect on the local climate [6, 7]. Recently it has also been shown that offshore wind farms may have an impact on 
the upper ocean circulation [8, 9]. Changes in the vertical motion of the ocean are likely to be important to the local 
ecosystems [10], and detailed information about how the wind farm may modify the circulation in its vicinity 
should be provided prior to installation. Although it has been indicated that wind farms are likely to affect the local 
ocean circulation, previous studies have focused on idealized model experiments. In particular, details of the wind 
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farm design have not been taken into account when calculating the wake. The objective of the present study is to 
investigate the effect of wind farm design on the vertical motion in the ocean. Using a wake model that allows for 
varying wind farm designs, the change in wind velocity will be calculated. We will then perform two experiments 
with a three dimensional ocean model, forced by the wind velocities calculated by the wake model, and investigate 
the effect of the wind farm design on the ocean upwelling and downwelling. The study will be performed in the 
Havsul area, where high wind speed and the potential for offshore wind energy production have been documented 
[11].  However, the applied method is not restricted to this area and may be applied for any offshore wind farm 
study.  
2. Methods and data 
2.1. Wake model 
In order to estimate the modification of the wind field due to the presence a wind farm, we will in this study 
apply the wake model described by [12]. The model is based on conservation of momentum and the assumption of 
linear expansion of the downstream wake [13]. For a single turbine the velocity ܷ௪ at the downwind distance X, is 
calculated according to 
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where  ௢ܷ is the undisturbed wind speed upstream the turbine, ܥ௧ is the thrust coefficient of the turbine and ݎ௢ is 
the radius of the rotor. It is assumed that the spread of the wake is symmetric in the vertical and lateral directions, 
and that the radius of the cone, ݎ, at the distance X downstream the wind turbine, is given as 
Xrr o N ,  (2)  
with κ being the wake decay constant. For a wind farm consisting of multiple turbines, the effects of the individual 
wakes are combined into one single effect using the methods described in [12]. The wake behind a turbine is then 
multiplied by a factor, β, defined as 
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where ܣ௢ is the area spanned by the turbine experiencing shadowing (Turbine k), οܣ is the overlapping area of the 
upstream wake cone and the area spanned by Turbine k, and ݎ௜ is the radius of the wake cone generated by Turbine 
i at the same downstream location as Turbine k. In order to retain the undisturbed wind speed downstream the wind 
farm a layer where ߚ is gradually increased toward 1, is introduced 
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ߚ୧୬୲ is the interior value of β at the edge of the wind farm, calculated according to Equation (3) and x is the 
distance downstream the wind farm. 
  In order to obtain the wind speed at the hub height of the turbines, we calculate the wind speed using the 
logarithmic wind profile for neutral conditions 
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where U is the wind speed, ݑכ the friction velocity, k the Von Karman constant (0.41) and ݖ௢ the surface 
roughness. The friction velocity is calculated using the following expression [14] 
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with ଵܷ଴ being the wind speed at 10 m height. We calculate ݖ௢ using the Charnock model [15] 
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where ߙ௖ and g are respectively the Charnocks parameter and the gravity constant. In this study we use ߙ௖ = 0.016, 
which is within the values recommended by [16]. Input wind data at 10 m height is obtained from the High 
Resolution Limited Area Model (HIRLAM), operated by the Norwegian Meteorological Institute [17]. 
2.2. Regional Ocean Modeling System 
    To calculate the ocean response to anomaly wind forcing caused by a large wind farm we apply the Regional 
Ocean Modeling System (ROMS) model. ROMS is a free-surface, terrain following model that solves the 
primitive equations on a staggered Arakawa C-grid [18]. Surface boundary forcing is calculated using the TOGA 
COARE bulk parameterization [19], whereas vertical mixing is calculated using the k-ϵ generic length scale 
algorithm [20]. The 3-D fields at the open boundaries are calculated using the adaptive boundary condition 
algorithm presented by [21], whereas sea surface and 2-D momentum fields are calculated using respectively the 
Chapman [22] and Flather [23] radiation boundary conditions. For active open boundary conditions we set the 
nudging time scale equal to 12 hours, whereas for passive boundary conditions it is set equal to 180 days. In the 
horizontal the applied grid resolution is 500 m, whereas the number of vertical sigma layers is set equal to 20.  
  For surface forcing we use the 6 hourly 12 km meteorological data obtained from the HIRLAM model [17], 
whereas at the open boundaries data from the Norkyst-800 model is used [24], combined with tidal data from the 
TPXO tidal model [25], [26]. 
3. Case study 
3.1 Havsul area 
The area of focus in the present study is located in the Havsul region off the Møre coast, as shown in Figure 1. 
The bathymetry is characterized as extremely chaotic with the seabed dominated by bed-rock [27]. The topography 
is associated with small islands, high coastal mountains and fjords. The offshore wind conditions in the Havsul  
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Figure 1: Applied model domain of the Havsul area at the western coast of Norway. The region in red denotes the 
location of the modeled wind farms. 
 
area are considered viable for wind energy installations due to relative high wind speeds [11]. The complex 
topography causes mesoscale atmospheric phenomena with strong winds along the coastline such as low level 
coastal jets [28].  Using the NORA 10 dataset [29] the prevailing wind direction is found to be southwest, with a 
mean value of 217.5 °.  
  The time period considered in this study is from March 11, 2014 to March 13, 2014. During this period the wind 
speed in the Havsul area was higher than 15 m/s and the wind direction southwest. 
3.2 Wind farm design 
    In order to run the wake model described in Section 2.1, information about the wind turbines and the wind farm 
is required. For the thrust coefficient, ܥ௧, and the wake decay constant κ, we will in the present study use the values 
0.4 and 0.05, respectively. The diameter of the turbine, ݎ௢, and the height of the turbine are set equal to respectively 
120 m and 90 m.  
  In addition to the above mentioned parameters, the geographical coordinates of the turbines are used as input to 
the model. In this study two different wind farm designs are considered: Wind Farm Design 1 and Wind Farm 
Design 2. Both are made up by 70 turbines, and arranged to be aligned with the mean wind direction (217.5 °). For 
Wind Farm Design 1 the turbines are organized in straight rows and columns, whereas for Wind Farm Design 2 the 
rows are curved. In addition Wind Farm Design 1 has a close to quadratic shape, compared to Wind Farm Design 1 
which is made up by 5 rows and 14 columns. The two farms are located at approximately the same location, as 
illustrated in Figure 2.  
  In Figure 3 we show the wakes at 10 m height generated by Wind Farm Designs 1 and 2, for wind direction equal 
to 217.5 ° (normal flow), and 10 m wind speed equal to 20 m/s. It is seen that the wind speed is decreasing 
downwind in both cases and that areas not shadowed by upwind turbines do not experience wind speed reduction.  
3.3 Ocean model experiments 
    Using the ocean circulation model and wind wake model described in Section 2, sensitivity experiments of the 
vertical oceanic motion to wind farm design may be performed. First we calculate the wake induced by the wind 
farm. The modified wind field obtained from this simulation will be used as input to the ROMS model, which 
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again is used to calculate the vertical oceanic velocity. By varying the wind farm design (Wind Farm Design 1 and 
2), we will investigate the change in vertical oceanic velocity due to variations in the wind farm induced wakes. 
  For the time period March 11, 2014 to March 13, 2014 we apply the ROMS model to perform three simulations 
of the oceanic conditions in the Havsul area: Model run 1, Model run 2 and a control run. The control run is forced 
by unperturbed wind velocities, i.e. winds not affected by the presence of a wind farm, whereas for Model runs 1 
and 2 the model is forced by anomaly wind due to wind farm induced wakes. Input to the wake model that is used 
to force Model run 1 and Model run 2 are respectively Wind Farm Design 1 and Wind Farm Design 2. For all three 
model experiments a spin up period of 2 days is applied, where the model is forced by unperturbed wind velocity. 
 
 
  
 
 
 
 
Figure 2: Potential wind farm design at the Havsul area. Number of turbines are 70 in both examples 
 
 
 
 
Figure 3: Wind farm induced for the two wind farm designs described in Section 3.2 (Wind Farm Design 1 and 2) 
at 10 m height. Wind direction is from southwest (217.5 °). Free slip wind speed at 10 m height is 20 m/s. 
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4. Results 
4.1 Control run 
   In Figure 4 the mean sea surface height and surface currents as well as the mean vertical velocity at low and 
intermediate depths (sigma layer 3), in the Havsul area are shown for the study time period (March 11, 2014 to 
March 13, 2014). The surface circulation is seen to be in geostrophic balance, and directed toward northeast. This 
is partly caused by the surface wind stress piling up water along the Norwegian coastline, resulting in offshore sea 
surface gradients that are balanced by the Coriolis force. For the vertical velocity both positive and negative values 
are seen, with values ranging from –250 m/day to 250 m/day.  
 
Figure 4: Mean sea surface height and surface currents (upper) and vertical velocity at sigma layer 3 (lower) in the 
Havsul area for the time period March 11, 2014 to March 13, 2014. The black regions denote the area intended for 
wind farm installations. 
 
4.2 Anomaly upwelling/downwelling 
It is seen from Figure 4 that for the unperturbed flow relatively high vertical velocities occur in the Havsul area 
during the study period. Therefore, in order to estimate the effect of offshore wind farms on the ocean circulation, 
we calculate the anomaly vertical velocity. It is defined as the difference between the vertical velocity of the 
control run and that of the two model experiments (Model run 1 and Model run 2). Results after 6 h, 12 h and 24 h 
of simulation, for sigma layer 3, corresponding to approximately 20 m depth in the vicinity of the wind farm, are 
shown in Figure 5. For both model runs the absolute value of the anomaly vertical velocity increases with time, 
and greatest values are seen west/northwest of the wind farms. However, both the anomaly upwelling and 
downwelling is more significant for Model run 2, where values exceed 90 m/day after 24 hours of simulation. In 
comparison, for Model run 1, anomaly vertical velocities are everywhere less than 50 m/day. 
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Figure 5: Anomaly vertical velocity at sigma layer 3, corresponding to approximately 20 m depth in the vicinity of 
the wind farms for the two model experiments: Model run 1 (left) and Model run 2 (right), after 6 h, 12 h and 24 h 
of simulation. Units are m/day. Also plotted are the locations of turbines included in the wind farm designs (black 
dots). Wind direction is from southwest for all cases. 
4.3 Anomaly wind stress 
   In Figure 6 the difference in sea surface stress between the control run and Model runs 1and 2 are shown 
(anomaly wind stress), for the area surrounding the wind farms, after 6 h, 12 h and 24 h of simulation. Due to the 
wakes generated by the wind farms, the anomaly wind stresses are directed southwestward, in opposite direction of 
the unperturbed wind. It is further seen that the anomaly wind stresses are relatively constant for the three time 
instances shown, as the wind direction is stable for this time period. At the boundaries of the wind farm the 
anomaly wind stress approaches zero, resulting in strong wind stress curl. 
4.4 Anomaly currents  
   In Figure 7 the difference in horizontal velocity at sigma layer 3, between the control run and Model runs 1and 2 
(anomaly currents) after 6 h, 12 h and 24 h of simulations, are shown. It is seen that the anomaly currents are 
directed southwestward, opposite to the mean unperturbed currents (Figure 4). Amplitudes are of the order 3 cm/s 
and approximately constant for all three time instances. However, the anomaly currents west of the wind farms is 
seen to increase after 12 h and 24 h of simulations, in particular this is the case in Model run 2. 
5. Discussion and summary 
   From Figure 5 it was shown that the effect of including wind farms in the model simulations was altered vertical 
velocity near the wind farm. In studies of the ocean response to idealized wakes in a deep and layered ocean, such 
vertical motion has been attributed to Ekman pumping caused by the wind stress curl [8, 9]. From Figure 6 it is 
seen that the wind farms generate strong anomaly shear at its boundaries, and that the curl depends on the design of 
the wind farm, which may result in different upwelling and downwelling regimes in the case of pronounced Ekman 
pumping. However, the area surrounding the potential wind farms is relatively shallow, and during strong wind 
conditions, with intense vertical mixing, the surface Ekman layer reaches down to the sea floor (not shown). The 
strong vertical mixing results in a highly barotropic ocean and the effect of the earth’s rotation is therefore 
expected to be insignificant for the horizontal scales under consideration. This indicates that the vertical velocity 
anomalies seen in Figure 5 are not predominately due to Ekman pumping. 
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Figure 6: Difference in surface stress between Model run 1 and the control run (left) and Model run 2 and the 
control run (right) in the vicinity of the wind farms after 6 h, 12 h and 24 h of simulation. Units are N/ଶ. Also 
plotted are the locations of turbines included in the wind farm designs (red dots). Wind direction is from southwest 
for all cases. 
 
  
Figure 7: Difference in horizontal velocity at sigma layer 3  between Model run 1 and the control run (left) and 
Model run 2 and the control run (right) in the vicinity of the wind farms area after 6 h, 12 h and 24 h of simulation. 
Units are cm/s. Also plotted are the locations of the turbines included in the wind farm designs (red dots). Wind 
direction is from southwest for all cases. 
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Figure 8: Model depth [m] in the area near the wind farm (black dots) 
 
  From Figure 7 it is seen that the oceanic response to reduced wind stress is decreased ocean currents in the flow 
direction. Due to varying topography in the area of the wind farms modification of the current speed must result in 
anomaly vertical oceanic motion. After 24 h of simulation strong anomaly vertical velocities west of the wind farm 
coincides with anomaly currents in the same area (Figures 6 and 7). In this area bathymetry gradients are strong 
(Figure 8), which indicates that vertical motion is mainly determined by variations in the horizontal flow field, and 
that this effect is more significant in Model run 2 than it is in Model run 1.  
 
  In this study it has been shown that vertical oceanic motion may be induced by the presence of large wind farms. 
Using a wake model that allows for the calculation of the surface wind stress as a function of the wind farm design, 
it has further been shown that the ocean upwelling/downwelling is influenced by the wind farm design. We have 
outlined a method of how the ocean response to a specific wind farm design can be calculated, which allows for 
inclusion of ocean effects in future planning of new offshore wind projects. For the Havsul region it appears that 
topographic effects play a dominant role in generating vertical velocities, and that Ekman pumping is of less 
significance.   
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